A facile method to fabricate a mesoporous poly(ethylene-co-vinyl alcohol) (EVOH) monolith captured with silver nanoparticles (AgNPs) was developed. The formation of AgNPs and the monolith was in a one-pot process. The obtained monolith demonstrated ultrasensitive surface-enhanced Raman spectroscopy (SERS) responses.
SERS has attracted the interest of scientists as a powerful technique to detect chemical and biological molecules of trace concentration. The ultra-high sensitivity is due to the enhancement of the local electromagnetic eld caused by nanoscale gaps (also called Raman "hot spots") between metal nanostructures. Metal nanoparticles or nanostructures in types of roughed metal electrodes, 1-3 metal nanoparticles colloids, [4] [5] [6] metal nanoparticles-assembled planar substrates 7, 8 and metal nanoparticles-embedded three-dimensional (3-D) porous substrates 9 have been developed as efficient SERS substrates. Among these SERS substrates, the 3-D porous ones are preferred because the open pores and the high surface area enable fast permeation and efficient adsorption of target analytes, respectively. In addition, the porous structure is considered to be able to improve the SERS performance on a large scale. 10 So far, various 3-D porous SERS substrates have been prepared by immobilizing metal nanoparticles into a porous matrix such as porous gel, 10 nanober, 11 porous alumina, 9 porous silicon, 12 monolith, 13,14 MOF 15 and paper. 16 For the construction of SERS substrates, a facile, cost-effective and largely-scalable method is highly demanded. However, the preparation of metal nanoparticles and a porous matrix is generally in separated processes, which is costly and somewhat wearisome. Thus, it remains a great challenge for preparation of 3-D porous SERS substrates by a simply one-pot process.
Polymer monoliths with mesoporous structure have been developed in our group by a facile thermally induced phase separation (TIPS) method. 17, 18 Mesoporous polymer monoliths with open pores and large surface areas are especially useful for applications of 3-D porous SERS substrates. In order to get monolith-based 3-D SERS substrates with uniform mesopores, well dispersed metal nanoparticles and high SERS signal reproducibility, facile synthesis of a metal-polymer monolith using a one-pot process is indispensable and of particular interest.
In this study, we report a new and straightforward method to embed AgNPs into a mesoporous EVOH monolith (AgNPs-EVOH monolith). A simple one-pot process yielded AgNPs-EVOH monolith with uniform mesopores and well dispersed AgNPs. We further demonstrated that the monolith could be used as a SERS substrate with both ultrasensitive SERS responses and high SERS signal reproducibility. Our study enables the preparation of a 3-D porous SERS substrate with a facile method, which is as simple as other methods. 19, 20 The general procedure for the fabrication of the mesoporous AgNPs-EVOH monolith is illustrated in Fig. 1 . Silver nitrate was added to an EVOH solution of a mixed solvent of isopropanol (IPA) and water (IPA/water: 65/35 (v/v)) at 75 C and the solution was gently stirred. The solution was cooled to 4 C to form a monolith by TIPS. The resulting monolith was immersed into acetone to remove the embedded solvent and subsequently dried under vacuum. In this method, IPA acted both as a component of the mixed solvent to dissolve EVOH at the high temperature and as an agent for the reduction of the silver ion; the analysis of the solution aer the monolith formation suggested that more than 97% of silver ion was reduced. EVOH was initially acted as a stabilizer to protect AgNPs from large scale aggregation and subsequently acted as a gelator to form the monolith with uniform mesopores. The present simple method to prepare the metal nanoparticles-embedded monolith is suitable for large scale production. Moreover, the monolith could be tailored into any desired shapes for the further SERS applications.
The nitrogen adsorption/desorption isotherms of the monolith exhibited a typical V isotherm with a relatively wide type H1 hysteresis loop in the P/P 0 range from 0.7-0.9, which is the characteristic of the mesoporous structure (Fig. 2) . The formation of uniform mesopores centred at ca. 5.0 nm was proved by the pore size distribution (PSD) plot (insert), which was obtained by using the non-local density functional theory (NLDFT) method. The specic surface area was determined as 60.1 m 2 g À1 by multi-point BET method. These data indicate that the AgNPs-EVOH monolith had relative uniform mesopores and large specic surface area. Fig. 3A shows a scanning electron microscope (SEM) image of the monolith. The SEM image clearly indicates the 3-D open macropore structure of the monolith. The existence of both mesopores and macropores enabled the capture of more target analysts and faster transport of these molecules to the surface of AgNPs. A transmission electron microscopy (TEM) image implies the existence of AgNPs with a typical diameter of 5-20 nm (Fig. 3B) . It is interesting that most of the formed AgNPs were not spatially-isolated, but partially aggregated as silver dimers or clusters (Fig. S1 †) . Many researchers revealed that strong SERS signals oen present at the junction of several nanoparticles. 21 On the other hand, single nanoparticles oen result in little enhancement. Thus, the formation of partially aggregated AgNPs made the monolith a potential SERS substrate with ultra sensitivity. The corresponding energy dispersive X-ray spectrometric (EDX) map (Fig. 3C ) of the monolith shows that the AgNPs were dispersed homogeneously in the 3-D porous monolith, although the EDX mapping was somewhat affected by the rough surface of the monolith. Fig. 3D demonstrates the SERS spectrum of rhodamine 6G (R6G) from the monolith that was treated with a R6G solution at concentration of 10 À6 M. R6G showed characteristic SERS peaks, whereas the monolith exhibited clear background without any signicant peaks in the Raman shi range from 900 cm À1 to 1900 cm À1 . All of these results indicate that the present monolith could be used as a good SERS substrate.
To evaluate the efficiency of the AgNPs-EVOH monolith as a SERS substrate, 4-mercaptobenzoic acid (MBA) was selected as a target analyte. We immersed the monolith into 10 mL of ethanol solution containing 10 À5 M of MBA for 2 h. Aer posttreatment of the monolith (Fig. S2 †) , the SERS spectrum of the monolith was measured by using the equipment as showed in Fig. S3 . † SERS spectra of MBA collected from 10 randomly selected positions of the monolith are shown in Fig. 4 . A peak at around 1390 cm À1 arose from carboxyl stretching mode and peaks observed at around 1100 cm À1 and 1600 cm À1 could be attributed to breathing and stretching modes of aromatic ring, respectively. 22 It should be noted that the SERS responses of the monolith showed good consistency and reproducibility, which is vital in consideration of its practical applications. This may be due to the good dispersion of AgNPs in the monolith.
Several monoliths with different amount of silver nitrate were prepared in order to investigate the inuence of the AgNPs concentration. The SEM images (Fig. S4 †) clearly show that the monoliths had similar continuous open pores when the weight ratio of silver nitrate/EVOH was equal or lower than 0.67, whereas the monoliths were in non-porous structure in case of the ratio of larger than 0.67. This may be because the IPA/water ratio is changed owing to the consumption of IPA in the Ag + reduction process. The SERS spectra of MBA were collected on these samples. Even for the low concentration of MBA (10 À11 M), the porous monolith showed clear SERS spectra with the same peak positions and similar intensity ( Fig. S5a-c †) , whereas no clear spectra were obtained in case of the non-porous monolith ( Fig. S5d and e †). These data indicate that the AgNPs concentration hardly affected the Raman enhancement, while the porous structure was vitally important. Some researchers also revealed the large effect of porous structure in Raman enhancement. 10 Additionally, the intensity ratio of the peak at 1600 cm À1 and the peak at 2500 cm À1 , which represents the MBA peak intensity normalized by the background intensity, was examined ( Fig. S6 †) . The intensity ratio at even very low MBA concentration was much larger than that of the monolith without MBA, strongly suggesting that the present monolith has ultra-high sensitivity toward MBA.
The SERS sensitivity of the monolith toward MBA was investigated by immersing the monolith in the ethanol solution with a wide range of the MBA concentrations from 10 À3 M to 10 À13 M. The characteristic Raman peaks of MBA were clear when the MBA concentration was equal or higher than 10 À7 M (Fig. 5 ). Even the MBA concentration was as low as 10 À13 M, the peaks at 1100 cm À1 and 1600 cm À1 were still identiable, indicating that the present monolith could be applied for ultrasensitive detection of target analysts. Compared with some other SERS substrates, the present monolith showed better sensitivity toward MBA. 23, 24 In this communication, a unique method was developed for the generation of the AgNPs embedded mesoporous monolith. The monolith with uniformly dispersed AgNPs exhibited both ultrasensitive SERS responses and high Raman signal reproducibility toward MBA. Compared with conventional 3-D porous SERS substrates, which need complicated fabrication process, the proposed method enabled facile one-pot fabrication of the porous material. We believe that the present 3-D porous SERS substrate has great potential for in situ chemical or biological studies.
